Introduction
Obesity is defined as a condition of excess body fat, and it causes or exacerbates many health problems, both independently and in association with other diseases. It also contributes to increased mortality rates by type 2 diabetes mellitus, coronary heart disease (CHD), and cancer. We well know that there are only 2 ways for obesity therapy; they are reduction of energy intake or increase in energy expenditure. Thus, lifestyle interventions, i.e., changed dietary habits and increased physical activity, are basically important for treatment of obesity.
In addition to above essential concept, we should also pay attention to nutritional and dietary factors and metabolically active food compounds that are related to addressing the energy imbalance issue. Major molecular mechanisms for obesity control will be as follows: reduction of food intake through the control of signals from gut and adipose tissue, inhibition of nutrient absorption, increasing thermogenesis to dissipate food energy as heat, and modulation of fat synthesis/lipolysis or adipose differentiation/apoptosis [1] . Many functional food components used for obesity therapy have been shown to alter energy metabolism by influencing fat absorption, substrate utilization rate, and thermo genesis.
Among the effect of these functional components, upregulation of sympathetically mediated thermo genesis should be one of the main molecular targets. Brown adipose tissue (BAT), a major thermogenic tissue, has enormous capacity to produce heat production by adaptive thermo genesis [2, 3] . BAT has been found predominantly in hibernating animals, small rodents, and newborns that require active thermo genesis to protect themselves from cold exposure and maintain body temperature. The dissipation of energy is accomplished by the BAT-specific protein, uncoupling protein-1 (UCP1), which generates heat by uncoupling the respiratory chain. UCP1 allows BAT to dissipate the mitochondrial proton electrochemical gradient that is normally used to drive ATP synthesis. Since BAT is also found in healthy adults, showing the possibility to make BAT-mediated dissipation of excess energy even in adult humans (Enerbäck, 2010) [4] , a great deal of interest has been focused on the functionality of food components that induced thermo genesis through UCP1 activation.
This review is mainly concerned with the anti-obesity effects of marine Carotenoid, fucoxanthin, as expected food component for anti-obesity therapy.
Fucoxanthin
Fucoxanthin is a major Carotenoid mainly present in chloroplasts of brown seaweeds. It makes a complex with chlorophyll-protein and plays an important role in light harvesting and photo protection for effective light utilization and up-regulation of photosynthesis [5, 6] . Fucoxanthin has a unique structure including an allenic bond and a 5,6-monoepoxide in the molecule (Figure 1 ) and is found in edible brown seaweeds. In Southeast Asian countries, some brown seaweeds containing fucoxanthin are often used as a food source. Fucoxanthin is obtained as lipid component of brown seaweeds. The brown seaweed lipids usually contain around 5% weight fucoxanthin per total lipids [7] .
Fucoxanthin shows remarkable physiological effects based
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Anti-obesity effect of fucoxanthin
Animal experiments clearly showed the anti-obesity effect of fucoxanthin. Significant decrease in body weight and abdominal WAT weight by fucoxanthin intake was found in obese-diabetes model mice [13, 14] . The decrease of body weight was consistent with that of abdominal WAT weight. On the other hand, BAT weight normalized for body weight increased by fucoxanthin intake. The same effect of fucoxanthin on the body weight and abdominal WAT weight was also observed in normal mice fed high fat diet [15] . In addition, comparative study using both obese model KK-A y mice and lean C57BL/6J mice indicated that fucoxanthin attenuates the excess fat accumulation in abdominal WAT of obese KK-A y mice, while no effect was found in lean C57BL/6J mice fed normal-fat diet [16] . However, feeding of fucoxanthin significantly suppressed abdominal WAT weight of C57BL/6J mice fed high-fat diet to the same level of that found in normal dietary group. These results suggest that suppressive effect of fucoxanthin on the WAT weight gain is specific for adiposity in the development of obesity in mice. This specificity will be important for the safe application of fucoxanthin to human obese therapy.
Significant effect of fucoxanthin on the decrease in abdominal WAT weight of obese model mice appeared atleast more than 60 mg fucoxanthin intake/kg body weight/day [17] . On the other hand, recent study demonstrated the significant reduction of abdominal WAT of obese female volunteers by intake of fucoxanthin less than 0.024 mg/kg/day (2.4 mg intake/day for volunteers with 100 kg average weight) [1] . This difference in the effectiveness between rodents and human may be due to the different absorption rate and/or to different sensitivity to fucoxanthin.
Several food components are currently being promoted for weight management and obesity therapy [18, 19] . The potential biological mechanisms include increased energy expenditure, increased fat oxidation, decreased fat absorption, and increased satiety through the regulation of related signaling pathways and specific molecular targets mainly in adipose tissue and liver. Major target of fucoxanthin is abdominal WAT, because more than 80% of fucoxanthin metabolites were accumulated in abdominal WAT, when purified fucoxanthin containing diet (100 mg fucoxanthin/100 g diet) was given to mice. The metabolic pathway of fucoxanthin is well documented [20] [21] [22] [23] . As soon as after absorption, fucoxanthin is deacetylated to form fucoxanthinol, and then, some of the fucoxanthinol can be reduced to amarouciaxanthin A Figure 1 . Dietary fucoxanthin preferentially accumulates as amarouciaxanthin A in the abdominal WAT and as fucoxanthinol in the other tissues; therefore, the main active form of fucoxanthin in abdominal WAT will be amarousiaxanthin A. Furthermore, molecular level analysis showed the UCP1 induction by fucoxanthin as main mechanism for the anti-obesity effect of fucoxanthin.
UCP1 in abdominal WAT as a molecular target for fucoxanthin
When fucoxanthin was fed to mice, UCP1 gene and protein 
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Copyright: © 2014 Miyashita K expressions were induced in abdominal WAT, showing that the decrease in abdominal WAT weight of fucoxanthin intake in rodents would be due to the up-regulation of thermo genesis through UCP1 expression in abdominal WAT (Figure 2 ) [13] . It is no doubt that UCP1 is a key molecule for anti-obesity. UCP1 expression is known as a significant component of whole body energy expenditure and its dysfunction contributes to the development of obesity. However, UCP1 is mainly expressed in BAT usually not in WAT. Therefore, anti-obesity effect of fucoxanthin through UCP1 induction in WAT is unique.
The UCP1 allows BAT to dissipate the electrochemical gradient that is normally used to drive adenosine triphosphate synthesis, generating heat by this uncoupling oxidative phsphorylation. Thermogenic activity of BAT is dependent on UCP1 expression level controlled by the sympathetic nervous system via noradrenaline that is stimulated by cold, adrenergic stimulation, β3-agonists, retinoids and thyroid hormone [24] [25] [26] [27] [28] . UCP1 up-regulation or stimulation is dependent on several key bio-molecules such as β3-adorenarine receptor (β3Ad), peroxisome proliferator-activated receptor gamma co-activator 1 (PGC-1), and peroxisome proliferator-activated receptor−γ (ΠΠΑΡγ).
Although UCP1 expression is the signature of BAT, it has been also found in WAT of mice over expressing fork head box protein C2 (FoxC2), a winged helix gene, with a change in steady-state levels of several WAT and BAT derives mRNAs [29] . This result suggests the possibility of UCP1 expression even in WAT. Although the mechanism for the UCP1 expression in abdominal WAT by fucoxanthin supplementation has not yet been completely made clear, up-regulation of several factors such as β3Ad and PGC-1 would be a key event for the explanation of the fucoxanthin activity. The UCP1-expressing brown-like adipocytes can be recruited in WAT by prolonged cold exposure or by treatment with β−adrenergic agonists [30] . Fucoxanthin may be related to the induction of this brown-adipose like cell formation in abdominal WAT.
Conclusion
Several food components are known to increase energy expenditure to improve obesity condition. A number of proposed functional foods have been shown to act to alter energy expenditure or appetite control. Several food components can inhibit fat absorption, influence carbonyl oxidation, or increase energy expenditure, satiety, and fat oxidation [19, 31, 32] . Among them a great deal of interest has been focused on increase in energy expenditure controlled by the sympathetic nervous system via noradrenaline that is stimulated by cold, adrenergic stimulation, β3-agonists, retinoids and thyroid hormone. Increase in noradrenaline secretion by activation of the central nervous system makes it possible to increase the usage of adenosine triphosphate through ion pumping and substrate cycling and to increase the rate of mitochondrial oxidation with poor coupling of ATP synthesis leading to increased heat production. Food ingredients such as capsaicin, a major pungent principle in red hot peppers, have been reported to increase thermogenesis by dose-dependent enhancement of noradrenaline secretion followed by β 3 -adrenergic stimulation [33] [34] [35] .
Because of its capacity for uncoupled mitochondrial respiration, BAT has implicated as an important site of facultative energy expenditure in small rodents. This has led to speculation that BAT normally functions to prevent obesity. In fucoxanthinfed mice, BAT weight was significantly greater than that in control mice, while abdominal WAT weight decreased by fucoxanthin feeding [13] [14] [15] . Interestingly, the fucoxanthin supplementation also induced UCP1 expression even in abdominal WAT Figure 2 . These findings show that the decrease in abdominal WAT weight of fucoxanthin intake in rodents is mainly due to the up-regulation of thermogenesis through UCP1 expression both in BAT and abdominal WAT. The UCP1 induction in WAT will be related to the appearance of inducible brown adipcoytes in traditional white fat depots [2] . UCP1-based thermo genesis has been shown to be a powerful thermogenic system for oxidation of excess fat to reduce obesity [36] [37] [38] . UCP1 is usually expressed only in BAT; however, BAT content in adult human is scanty. Therefore, the possible ability of fucoxanthin to convert white adipose cell to brown adipose cell may open new anti-obesity therapy by food components. 
